Abstract. Inhibition of deacetylases represents a new treatment option for human cancer diseases. We applied the novel and potent pan-deacetylase inhibitor panobinostat (LBH589) to human hepatocellular carcinoma models and investigated by which pathways tumor cell survival is influenced.
Introduction
Hepatocellular carcinoma (HCC) represents an unmet medical need. It is the fifth most common malig-(suberoylanilide hydroxamic acid) has recently been approved for clinical use against cutaneous T-cell lymphomas [9] . Various hydroxamic acid derivatives have also been applied to human HCC models and demonstrated specific pro-apoptotic effects and to sensitize HCC cells to conventional or novel targeted chemotherapeutic agents [12, 18, 28, 32] .
Inhibition of HDACs leads to the re-expression of epigenetically silenced genes like the tumor suppressor p21 cip1/waf1 or the TRAIL death receptor system [5, 29, 32] . This effect is usually attributed to a p53-dependent reactivation of transcription but further effects independent of a transcriptional control and modifications of non-histone proteins have been described [43] .
The novel cinnamic hydroxamic acid pan-DACi panobinostat (LBH589) has recently been described to possess cytotoxic properties against different human cancer cell lines and to human cancer xenografts in nude mice [10, 23, 34] . Panobinostat has also demonstrated a good tolerability in a phase I study in humans with refractory hematologic malignancies [15] .
We therefore applied panobinostat to human HCC cell lines in vitro and to a xenograft model in vivo to determine its efficacy and molecular pathways as an anti-cancer agent for the treatment of HCC.
Materials and methods

Cell culture
The human hepatoma cell lines HepG2 (p53wt) and Hep3B (p53null) as well as primary human foreskin fibroblasts (HF, p53wt) were cultured under standard conditions as described previously [28] . HF served as a non-malignant epithelial control cell line for toxicity screening (cell viability and apoptosis rate) as primary human hepatocytes are unstable under cell culture conditions. For all in vitro experiments, 150,000 cells were seeded to 6-well tissue culture plates 24 h before treatment. Cells were treated with panobinostat at 0.01-10 µM and analyzed or processed for further experiments after 6-120 h. Panobinostat (LBH589) was provided by Novartis Pharma AG (Basel, Switzerland) and prepared as previously described [34] .
Analysis of cell viability and apoptosis
Proliferation rate was determined by counting the number of viable cells after Trypan blue staining in a Neubauer chamber. Cell numbers were then expressed relative to untreated controls set at 1.0. Flow cytometry was employed for the quantification of apoptosis in treated cell lines after staining with propidium iodide as described previously [28] . Analysis of labeled nuclei was performed on a FACSCalibur flow cytometer (FACS) using CELLQuest software (both from Becton Dickinson). The percentage of apoptotic cells was determined by measuring the fraction of nuclei with a sub-diploid DNA content. Ten thousand events were collected for each sample analyzed. To block death receptor signaling, cells were incubated for 48 h together with 0.1 µM panobinostat with specific antibodies blocking either hDR4 (TRAIL-R1) or hDR5 (TRAIL-R2), both from Axxora Deutschland GmbH, Lörrach, Germany, at a concentration of 10 µg/ml. Recombinant human TRAIL (rhTRAIL, Alexis Biochemicals, Lörrach, Germany) was used to stimulate the extrinsic apoptosis pathway at 1 µg/ml. To inhibit caspase activity, cells were treated with the pan-caspase inhibitor z-VAD (R&D Systems, Wiesbaden, Germany) or the caspase 12 inhibitor ATAD (BioVision, Mountain View, CA, USA) at 100 µM together with 0.1 µM panobinostat for 48 h.
Xenograft model of hepatocellular carcinoma
HepG2 cell lines were harvested and resuspended in sterile physiologic NaCl solution. 5.0 × 10 6 cells were injected subcutaneously into the flank of 6-8 week old male NMRI mice (Harlan Winkelmann GmbH, Germany). Eight animals were used for each treatment group. Animals were kept in a light-and temperaturecontrolled environment and provided with food and water ad libitum. Tumor size was determined daily by measurement using a caliper square. When subcutaneous tumors reached a diameter of 7 mm, daily i.p. treatment with panobinostat (10 mg/kg) or vehicle (physiologic saline solution) was started. Animals were sacrificed by cervical dislocation and tumor samples collected when reaching the termination criteria (e.g., weight loss > 20%, tumor diameter > 25 mm or tumor ulceration through the skin) or after 30 days of treatment. Tumor and tissue samples were fixed in 10% phosphate-buffered formalin or snap-frozen in liquid nitrogen. Blood samples were obtained before beginning of treatment and at the study endpoint. Alanine amino transferase (ALT) levels were determined using an automated procedure on a Cobas Mira (Roche, Mannheim, Germany). All animals received humane care. The study protocol complied with the institute's guidelines and was approved by the Government of Lower Franconia (Würzburg, Germany, file number 54-2531.31-3/06) before the beginning of the experiments. Hep3B cells proved not to be tumorigenic in NMRI mice and were therefore not used for in vivo experiments.
Quantitative real time RT-PCR
For quantitative real time PCR, total cellular RNA was extracted by use of peqGOLD RNA Pure (Peqlab, Erlangen, Germany) according to the manufacturer's instructions and reverse transcription (RT) was performed as described previously [27] . QuantiTect Primers were purchased from Qiagen (Hilden, Germany) and run with the LightCycler FastStart DNA Master SYBR Green I kit (Roche Molecular Biochemicals, Mannheim, Germany) on a LightCycler System (Roche). Results were analyzed with the LightCycler software and normalized to GAPDH mRNA content for each sample.
Protein extraction and western blot analysis
Whole cell lysates were prepared from both cell lines with or without treatment of panobinostat. Protein preparation and immunoblotting was performed as described previously [16] . Briefly, the following antibodies were used: anti-p53 (Oncogene, San Diego, CA, USA), -p21WAF1 (DakoCytomation, Glostrup, Denmark), -acetyl-H3 (Lys14) and H4 (Lys12; Upstate, Lake Placid, NY, USA), -HDAC1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), -bax (DakoCytomation), -bcl-2, -p-p38, -p-JNK, -p-ERK, -caspase 3, -caspase 8, -caspase 9 (all from Cell Signaling, Carpinteria, CA, USA), -p-H2A.X (Upstate, Temecula, CA, USA), -CHOP, -eIF2α, p-eIF2α (all from Abcam, Cambridge, UK) and the secondary antibodies (antimouse or anti-rabbit IgG peroxidase conjugated; Pierce, Rockford, IL, USA). Bound antibodies were detected by incubating the blots in West Pico chemiluminescent substrate (Pierce). The level of immunoreactivity was then measured as peak intensity using an image capture and analysis system (GeneGnome, Syngene, UK). Hybridization with anti-β-actin (Sigma, Deisenhofen, Germany) was used to control equal loading and protein quality.
Chromatin-Immunoprecipitation (ChIP)
The ChIP assay was performed using the ChIP Assay Kit according to the manufacturer's protocol (Upstate, NY, USA) and as described previously [16] . After crosslinking, sonification and centrifugation steps, the supernatants were collected and diluted in ChIP dilution buffer. Two percent of the diluted cell supernatant was kept for DNA quantification and considered as inputs. Samples were incubated for 30 min at 4 • C with salmon sperm DNA/protein A/protein G agarose 50% slurry before overnight immunoprecipitation with the appropriate antibody (anti-p53, Oncogene, San Diego, CA, USA). A portion of each sample was removed before immunoprecipitation and served as a negative control. After de-crosslinking, DNA was extracted by phenol/chloroform, precipitated with 96% ethanol and resuspended in H 2 O for PCR. Sequences of primers, PCR product length, and annealing temperatures are given in [16] .
Caspase activity assays
HepG2 and Hep3B cells were treated with panobinostat as described and incubated with lysis buffer solution (Biovision, Mountain View, CA, USA). Protein concentration was determined by BCA assay Kit according the manufacturer's recommendations (Pierce, Rockford, IL, USA). 50 µg of total protein were used for analysis. Caspase activity was determined with the Caspase Glo-8, the Caspase Glo-3/7 assay (both from Promega GmbH, Mannheim, Germany) or the Caspase-12 Fluorometric Assay Kit (Biovision, Mountain View, CA, USA) according the manufacturer's protocol and a Tecan GENios fluorometer (Genios, Tecan Germany GmbH, Crailsheim, Germany). All data were normalized to untreated controls.
Immunohistochemistry and TUNEL staining
Tumor specimens were processed as described previously [27] . Specimens were incubated with an antiKi-67 antibody (1:500; Dako Germany) to determine the proliferation rate. Endothelial staining was performed with the anti-MECA-32 antibody (1:1), produced in a rat hybridoma cell line [17] . TUNEL stainings were performed with the In situ Cell Death detection Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. Slides were digitized and analyzed with the ImageAccess Enterprise 5 software (Imagic Bildverarbeitung, Glatt-brugg, Switzerland). Quantification (extensity) and semi-quantification (intensity and distribution) were performed in each slide, performed with electronic filtering for respective signals.
Statistical analysis
Statistical analysis was performed using SPSS 15.0.1 for Windows (SPSS Inc., Chicago, IL, USA). Animal survival was estimated by the Kaplan-Meier method comparing the survival curves with the logrank test. Significance was calculated using the t-test for paired samples. P < 0.05 was regarded as significant.
Results
Panobinostat inhibits proliferation and induces apoptotic cell death in HCC cell lines
Cell viability was assessed in HepG2 and Hep3B liver cancer cell lines and in primary human foreskin fibroblasts (HF) by trypan blue staining and quantification in a Neubauer chamber. Both tumor cell lines showed a significant reduction in the number of viable cells already at sub-micromolar concentrations ( We therefore used this concentration for further in vitro experiments. Apoptosis was verified by morphologic assessment of cytokeratin 18 cleavage fragments (Suppl. Fig. 1C : www.qub.ac.uk/isco/JCO/) and by showing DNA fragmentation in flow cytometry (Suppl. Fig. 1D : www.qub.ac.uk/isco/JCO/). In HepG2 and Hep3B, a significant increase in sub-diploid events was determined after 48 h of 0.1 µM panobinostat, while HF did not respond under these conditions. FACS analyses also showed a cell cycle arrest in the G 1 phase in both responsive cell lines which can be explained by the increase of the cell cycle inhibitor p21 cip1/waf1 independent of the p53-status (see below and Fig. 3B ) [29] . Western blot analysis of HCC cells ( Fig. 2A) showed a time-dependent increase in active caspase 3 cleavage fragments. Densitometric analysis revealed a 3.2-fold and 2.5-fold increase compared to untreated controls in HepG2 and Hep3B, respectively, after 48 h treatment with 0.1 µM panobinostat.
Apoptosis is not mediated via classical pathways
To investigate the role of the mitochondrial pathway of apoptosis induction, western blot analysis of bax, bcl-2 ( Fig. 2B ) and caspase 9 was performed (Fig. 2C) . Surprisingly, panobinostat treatment shifted the bax/bcl-2 ratio slightly towards survival in HepG2 cells (0.57 at 6 h and 0.44 at 48 h) with a strong increase in bcl-2 signals (2.7-fold). In parallel, no significant increase in active caspase 9 was detected. In Hep3B, neither bax nor bcl-2 were detectable and only a slight increase in active caspase 9 signals was observed. Furthermore, mitochondrial transmembrane potential ΔΨ m was determined by flow cytometry after DiOC 6 staining (Suppl. Fig. 2 : www.qub.ac.uk/isco/JCO/). After 48 h of treatment, panobinostat did not lead to a breakdown of ΔΨ m in both HCC cell lines, corroborating the above described western blot results. We next analysed the expression and activation of caspase 8 by panobinostat (Fig. 2D ). While only a 1.7-fold induction of caspase 8 was observed in HepG2, Hep3B showed a strong increase in active caspase 8 (17.5-fold) with a concomitant decrease in pro-caspase 8 (0.6-fold) indicating a strong role of the extrinsic pathway of apoptosis induction in p53-deficient HCC cell lines. To further asses the role of caspases in panobinostat-mediated cell death, cells were incubated with the pan-caspase inhibitor z-VAD before adding panobinostat. z-VAD alone did not influence cell viability, apoptosis or caspase 8 activity (data not shown). While the combination with 0.1 µM panobinostat lead to a significant reduction of both caspase 8 activity and apoptosis values ( Fig. 2E and F ), no effect on overall cell proliferation was observed (data not shown). As quantitative PCR (see below) also showed an increased expression of the pro-apoptotic TRAIL-receptor hDR4 in Hep3B cells (Fig. 3A) , recombinant human TRAIL and inhibitory antibodies were used to investigate the extrinsic apoptosis signaling. While TRAIL alone did not affect apoptosis levels in the investigated cell lines, a synergistic effect was observed in combination with 0.1 µM panobinostat which was not affected by the additional incubation with antibodies blocking either hDR4 or hDR5 (Fig. 2G) . Only the pan-caspase inhibitor z-VAD reduced the level of apoptosis in HepG2 cells in this setting. The combination of antibodies against hDR4 or hDR5 with panobinostat did not affect caspase 8 activity, cell proliferation or apoptosis levels compared to panobinostat alone (Fig. 2E-G) , indicating that death receptor activation does not contribute to apoptosis induction even in p53-negative cells showing a high activity of caspase 8. 
Differential regulation of signal transduction pathways
Quantitative real-time RT-PCR was performed to analyse the effect of panobinostat on expression levels of various survival and apoptosis-related genes (Fig. 3A) . As expected, panobinostat induced the expression of p21 cip1/waf1 mRNA in p53-competent HepG2 cells but not in p53-deficient Hep3B after 48 h. In parallel to the western blot results described above, mRNA of pro-apoptotic bax was downregulated (significantly decreased in Hep3B) and antiapoptotic bcl-2 was increased after 48 h of panobinostat treatment in both cell lines, thus also shifting the bax/bcl-2 ratio on the mRNA level towards survival. Anti-apoptotic Bcl-xL and pro-apoptotic bcl-xS were concomitantly downregulated in both cell lines. Analysis of the extrinsic apoptosis pathway showed a pronounced decrease of mRNA levels of TRAIL and its cognate death receptor hDR4 in HepG2 while this receptor was significantly increased in Hep3B cells. Only minor changes were observed for the TRAIL receptor hDR5.
The expression of p21 cip1/waf1 was further analysed by western blot (Fig. 3B) . As expected from the mRNA results, a continuous increase of p21 cip1/waf1 was observed in HepG2 (10.5-fold after 48 h). In Hep3B, a strong, but only transient increase of p21 cip1/waf1 was observed after 6 h (13.6-fold) that decreased to control levels after 48 h (1.5-fold). As these findings indicate a p53-dependent transcriptional control of p21 cip1/waf1 expression, a chromatin immunoprecipitation (ChIP) was performed in HepG2 cells (Fig. 3C) . After 6 h of panobinostat treatment, binding of p53 to its responsive element (p53RE) in the p21 promoter region was observed that was followed by a transactivation of the Sp1 binding site after 24 h. These results support the western blot results showing that panobinostat increases the expression of p21 cip1/waf1 in p53-competent cells via transcriptional regulation. The transient increase in p21 cip1/waf1 protein in p53-deficient Hep3B cells is in line with the model of releasing HDAC as a transcriptional co-repressor without activation of the p53-dependent transcription process [29] .
We then analysed further molecules related to HDACi growth inhibitory effects by western blot (Fig. 3D ). An increase in acetylated histone H3 and H4 was observed in both cell lines. Phosphorylated H2AX, a marker for DNA double strand breaks, was strongly increased in Hep3B but showed only a modest increase in HepG2, indicating p53-dependent repair processes in this cell line. Expression of phosphorylated p38-MAPK, JNK and ERK were transiently increased in HepG2 (strongest early increase of p-p38 at 6 h, p-ERK and p-JNK highest expression at 24 h) but were completely lost after 48 h. In Hep3B, which was nearly unchanged for p-p38 and p-JNK, only p-ERK showed a slight increase at 6 h.
Panobinostat induces the unfolded protein response
As these results cannot sufficiently explain the induction of apoptosis, we investigated alternative pathways of apoptosis induction by quantitative realtime RT-PCR and western blotting. A decrease in XBP-1 mRNA (i.e., splicing of the cognate mRNA) was observed in both cell lines (0.8-fold of control in both cell lines, data not shown). The subsequent induction of mRNA of the downstream target CHOP was observed esp. in p53-competent HepG2 (2.3-fold) while CHOP-levels were stable in p53-deficient Hep3B (Fig. 4A) , indicating a contribution of the unfolded protein response and endoplasmic reticulum stress in panobinostat-induced apoptosis. This was further corroborated by an activation of the ER-stress associated caspase 12 in both cell lines after 48 h (Fig. 4B) . Blocking of caspase 12 by pre-incubation with ATAD significantly reduced the activity of the executioner caspases 3/7 (Fig. 4C) , indicating that the activated UPR/ER-stress pathway initiates the observed cell death. The expression of associated proteins was determined by westernblotting and showed a stable expression of eIF2α, but an increase in the active phosphorylated form, esp. in Hep3B cells (Fig. 4D) . Levels of CHOP protein remained stable after treatment with panobinostat indicating a differential regulation of mRNA and protein of CHOP in this setting.
Panobinostat delays growth of HCC xenografts in nude mice
HepG2 xenografts were established in male NMRI nude mice and treated with daily intraperitoneal injections of 10 mg/kg panobinostat when tumors reached a diameter of 7 mm. Panobinostat significantly delayed the growth of HCC xenografts (Fig. 5A) : control tumors from mice receiving vehicle injections doubled their size in 12 days, while panobinostat treated tumors did not reach a tumor doubling in 30 days. Despite the daily injections, panobinostat was well tolerated. Transient diarrhea was observed in 3 animals from the panobinostat group but animal weight remained stable during the course of the experiment (Fig. 5B) . Panobinostat significantly prolonged the survival of treated animals (Fig. 5C ). Mean survival time was 21 days for control mice and more than 30 days in the treated group.
Macroscopically, treated tumors showed a decreased size and vessel density (Fig. 6b, d ) compared to controls (Fig. 6a, c) . Normal liver histology (not shown) was unaffected without signs of toxic liver damage as determined by serum ALT levels (Fig. 6e) . Immunohistochemistry revealed a decreased Ki-67 labeling index (24.8% vs. 13.9%; P < 0.05; Fig. 6f, g, h) that was paralleled by an increase in TUNEL positive cells (Fig. 6i, j) and an overall increase in relative necrosis area in all analyzed samples (41.7% vs. 54.6%; (e) shows mean ALT levels ± SEM of 8 animals/group. Ki-67 stainings (f, g) showed a significant reduction of the proliferation index (h) in panobinostat treated animals, paralleled by an increase in TUNEL positive cells (i, j) and total necrosis area (k). Endothelial cell stainings with the Meca-32 antibody (arrows in l and m) revealed a significantly decreased microvessel density (n) after panobinostat treatment. Results in (h), (k) and (n) are mean ± SEM of 4 independent high power fields of sections of 8 animals/group. Magnification is 200× for (c, d) and (i, j) and 400× for (f, g) and (l, m). P < 0.05; Fig. 6k ). Endothelial cell stainings with the Meca-32 antibody (Fig. 6l, m) showed a significant reduction of the mean microvessel density per group from 21.4 to 6.9 microvessels per high power field (P < 0.05; Fig. 6n) .
Quantitative real-time RT-PCR from xenograft samples revealed a significant increase in expression of p21 cip1/waf1 , bcl-xL, bcl-xS and the pro-apoptotic TRAIL receptor hDR4 (Fig. 7A) . This pattern reflects the changes observed from HepG2 in vitro samples (Fig. 3B) . Interestingly, HepG2 xenografts also show an increased expression of hDR4, which was not observed in vitro. This finding can be explained by an altered tumor environment in vivo, which fosters proapoptosis by the extrinsic pathway, too. The expression of p21 cip1/waf1 was increased by approx. 30% in the xenografts as evidenced by western blot analysis (Fig. 7B) . In treated tumors, a 30% overall increase in acetylated histones H3 and H4 was observed, too.
Discussion
Our results show that the novel pan-DACi panobinostat (LBH589) reduces cell proliferation of human HCC cell lines, induces DNA damage and apoptotic cell death in vitro and in a subcutaneous xenograft model. While a contribution of the mitochondrial pathway in HDACi mediated apoptosis in HCC models has been shown previously for other compounds [12, 18] , the cinnamic hydroxamic acid panobinostat does not seem to exert its pro-apoptotic effect by this way as no significant changes in the bax/bcl-2 ratio or in mitochondrial integrity as determined by DiOC 6 staining were observed. 
Panobinostat and apoptosis dependent pathways
We have shown that panobinostat induces DNA double strand breaks, probably via generation of reactive oxygen species, which was previously demonstrated for other DACi by others [45] . Only a modest increase of phosphorylated H2AX as a marker of DNA damage was found in p53-competent HepG2, indicating intact cellular DNA repair processes in this cell line. In contrast, a more than 6-fold increase in P-H2AX was found in p53-deficient Hep3B. Cellular stress has also been linked to a p53-dependent activation of the MAPK pathway, while activated MAPK themselves can phosphorylate p53 [42] . Besides ROS, the unfolded protein response (UPR) has been shown to induce JNK phosphorylation and thus lead to growth arrest and apoptosis induction via caspase 12 [31, 37] . Indeed, we could demonstrate a transient activation of MAPK members and a splicing of the XBP-1 mRNA with induction of its downstream target CHOP and increased phosphorylation of eIF2α after treatment with panobinostat in. The UPR can also be induced independent of p53 by hyperacetylation and inhibition of chaperones [8, 24] . The chaperone function of Hsp90 can be inhibited by DACi, including panobinostat, and may therefore contribute to this novel pathway of apoptosis induction [2, 10, 13, 14] . Other pathways independent of p53 include an increase in NF-κB p50/p65 nuclear translocation or the activation of the RNA-dependent protein kinase which leads to phosphorylation of IκB [36] . Activation of caspase 12 has been shown to cleave pro-caspase 9 without disturbing mitochondrial integrity after UPR and ER stress induction, which is in line with the results shown here [21, 35] . It has to be stated, however, that the role of caspase 12 is still under debate in human cells, as contradicting data have been reported on the existence of caspase 12 in humans or if splice variants of this gene locus, which also encodes for caspase 1, 4 and 5, are related to the observed phenomena [22, 25] . Further studies are therefore needed to clarify the role of caspase 12 and UPR-related pathways after DACi in HCC.
Previous results from our group and from others have shown that DACi induce apoptosis also via the extrinsic pathway with a preference of the death receptors hDR4 or hDR5 [32, 47] . Interestingly, we also found a strong activation of the extrinsic initiator caspase 8 in p53-deficient Hep3B cells, paralleled by an increase in hDR4 mRNA levels in this cell line, although this pathway does not seem to contribute functionally to apoptosis induction as was shown by blocking hDR4 with specific antibodies. Yet, the upregulation of the death receptor and the strong induction of caspase 8 points to a sensitizing effect of extrinsic apoptosis inducers by DACi [5, 32, 47] .
Recently, inhibition of HDAC7 by panobinostat has been shown to induce the expression and translocation of the orphan nuclear receptor Nur77 in human cutaneous T-cell lymphoma cell lines which leads to interference with the mitochondrial apoptosis cascade [7] . In HCC, the expression of HDAC7 has not yet been investigated and the contribution of this pathways in relation the p53 status is also unknown yet. Interestingly, the inhibition of HDAC7 has been closely related to the anti-angiogenic effect of HDACi which may explain the observed decrease in microvessel density in our model [6, 26] .
Panobinostat and anti-proliferative effects
The anti-proliferative effects of DACi have been linked to the over-expression of p21 cip1/waf1 in human tumors including HCC [29, 41] . While this effect has been demonstrated for panobinostat in different human cancers [4, 23, 45] , we have shown for the first time a direct transcriptional regulation of p21 cip1/waf1 by panobinostat in a p53-dependent manner. Additionally, activation of the UPR has also been shown to induce a p53-dependent cell cycle arrest via transcriptional regulation of p21 cip1/waf1 , which can therefore contribute to the observed effects on p21 cip1/waf1 expression in HepG2 cells [46] . Yet, post-transcriptional regulatory processes independent of p53 can induce shortterm expression of p21 cip1/waf1 by mRNA stabilization [19] or by release of HDAC1 from its Sp1 site which abolishes the transcriptional suppression without direct transcriptional activation [29] . This view is in concordance with the transient increase in p21 cip1/waf1 protein after 6 h of panobinostat treatment in Hep3B. Finally, p21 cip1/waf1 leads to reduced proliferation by inhibiting cell cycle progression at the G 1 -phase, which was demonstrated by trypan blue staining and FACS analysis in vitro in both cell lines and a significantly reduced Ki-67 labeling index in the xenograft model. For panobinostat, a direct cytotoxic effect on endothelial cells has previously been described [34] and we also observed a reduced vascularization of HepG2 xenografts. These two independent pathways, presumably together with other DACi targets like MAPK and Hif-1α [44] , cooperate to reduce tumor viability and may explain the good in vivo tolerability of DACi.
Panobinostat and antitumoral networking:
Possible pathways
Based on these findings, we propose a signaling network for the antitumoral effects of panobinostat in HCC models (Fig. 8) . The inhibition of different HDAC subtypes leads to increased acetylation of histones H3 and H4 which might serve as a biomarker for in vivo monitoring of HDACi efficacy [40] . Dependent on the p53 status, pro-apoptotic TRAIL receptors (hDR4, hDR5) are induced. Hyperacetylation of chaperones, e.g. Hsp90 and other so far unidentified proteins, activates the UPR and endoplasmic reticulum stress which interferes with the MAPK cascade (p38, ERK) and via splicing of XBP-1 and transcriptional activation of CHOP with JNK and caspase 12. Active caspase 12 can then activate the executioner caspase 3 which is also capable of activating other upstream caspases like caspase 8 [3] . MAPK and JNK can directly reduce cell proliferation by inhibiting intracellular survival signaling pathways. The increased expression of the cell cycle regulator p21 cip1/waf1 is under transcriptional control of p53 and inhibits cell cycle progression after DACi treatment. p53 also interferes with proangiogenic pathways, which are dependent on MAPK signaling.
DACi have been shown to generate reactive oxygen species (ROS) [16] , which then leads DNA doublestrand breaks as evidenced here by an increase in P-H2AX, esp. in p53-deficient Hep3B cells. P-H2AX itself is capable of inducing p53-dependent DNA repair processes [20, 33] as we demonstrated by a reduced expression of this marker in HepG2 cells compared to Hep3B. These findings, together with the low response of apoptosis induction in HF cells, show that non-transformed p53wt cells may be protected from undesired treatment effects of panobinostat and explain the good tolerability of this compound in vivo.
In summary, our results show that the novel panDACi panobinostat effectively suppresses growth sig- Fig. 8 . Signaling pathways involved in panobinostat mediated anti-cancer activity in hepatocellular carcinoma. The inhibition of HDAC by panobinostat leads to an increase in acetylated histones H3 and H4 indicating the chromatin remodeling properties of panobinostat. Dependent on the p53 status, several pro-apoptotic (e.g., TRAIL receptor system, unfolded protein response) and anti-proliferative pathways (e.g., p21 cip1/waf1 ) are activated. Additional effects included the generation of DNA double-strand breaks (pH2AX) and the inhibition of MAPK pathways. These factors also inhibit tumor related neo-angiogenesis and lead to reduced growth of xenografts. The dotted line depicts the generation of reactive oxygen species (ROS) as evidenced in the literature for other HDACi. The increased expression of death receptors (hDR4 or hDR5) may enhance the effect of caspase 8 but is not mechanistically linked to caspase 8 activation (dashed line).
naling pathways in human HCC models and induces alternative apoptotic pathways dependent on the p53 status. It is important to note that panobinostat exerts pro-apoptotic effects also in p53 negative cells, which implicates a broad applicability in human tumors. As inhibition of MAPK signaling has recently been established as the first-line treatment of advanced HCC [1] , combination approaches with sorafenib and panobinostat are urgently warranted to improve the treatment options for HCC.
